Papyrus is increasingly suggested as an alternative bioenergy source to reduce the pressure on forest ecosystems. However, there are few studies on the economic viability of papyrus wetlands and the benefits for local communities. We construct a village Computable General Equilibrium (CGE) model to examine whether papyrus harvesting and processing has the potential to improve local livelihoods and simultaneously counteract pressure on local forest resources. We apply the CGE model to a village in northern Zambia where overexploitation of forest resources to produce energy from firewood and charcoal poses a serious problem. The analysis is based on survey data from 105 households collected in 2015. The model results show that papyrus briquetting would be a possible alternative biofuel and that this technology improves household income and utility through labor reallocations. Higher opportunity costs lead to households switching from firewood extraction and charcoal production activities to papyrus harvesting and processing to produce bioenergy. Replacing energy supplies from firewood and charcoal with papyrus briquettes results in substitution effects between forest land and wetland and thereby reduces the pressure on local forest resources. The CGE approach allows for an economy-wide ex-ante analysis at village level and can support management decisions to ensure the success of papyrus bioenergy interventions.
Historically, papyrus was used for producing paper in ancient Egypt, Greece and Rome [28] [29] . At present, papyrus wetlands directly support millions of rural livelihoods especially in SSA by providing agricultural opportunities and livestock feed [30] [31] as well as drinking water [32] . Papyrus biomass is widely used for fences, roofs, crafts, rafts, household utensils, furniture and mats, but also as a fuel source [12] [33] [34] [35] . It can therefore have a positive impact on household income and provide grounds for various livelihoods in rural regions [36] [37] .
The high rates of productivity in papyrus wetlands [9] [38] [39] highlights the potential of this plant as a bioenergy source [7] . Previous studies confirm the use of papyrus as a domestic fuel used by local communities living throughout the plant's geographical range: along the banks of the Nile in times of ancient Egypt [40] ; within the Hula wetland of Israel [41] ; around the shoreline of East Africa's Lake Victoria [19] [42] . In contrast, Terer et al. [36] found that only a small number of farmers in a wetland (Lobi swamp) in Kenya used papyrus as cooking fuel, but rather used firewood and charcoal, while Morrison et al. [19] point out that in East African communities papyrus rhizomes are uprooted for cooking fuel when there is a lack of alternatives. However, being of low density, large volumes of papyrus are required to produce sufficient heat for cooking [26] . Furthermore, users complain excessive amounts of smoke and ash when burning papyrus [43] [44] . On the other hand, papyrus plant material has been shown to have significant potential as a domestic fuel in the form of briquettes [19] [44] [ 45] , dense enough to offer efficient bioenergy [7] .
In the past, several efforts to implement production and use of papyrus briquettes have taken place. Jones [45] described trials to compress the papyrus into briquettes. A pilot factory was established near Kigali, Rwanda, in the early 1980s, but the project did not succeed due to insufficient funding and failure to create a product acceptable to end-users. Recent innovations in the small-scale production of papyrus briquettes developed by the "Fuel from the Field" (FftF) project at Massachusetts Institute of Technology (MIT) have been described by Morrison et al. [44] . Bundles of dried culms were carbonized using a methodology developed by MIT's D-Lab [46] . The FftF process is relatively simple, requires minimal technical expertise and utilizes locally available materials. At Lake Naivasha, Kenya, the briquettes compare favorably with wood charcoal in terms of calorific value and use characteristics, with lower emissions and therefore fewer concerns regarding human health compared to direct biomass burning [44] . A further example of using FftF-technology comes from Tanzania, where a non-profit organization is producing and selling nearly 2000 tons of carbonized briquettes per year made from coconut and rice husks, maize stalks and tree clippings. The method is also well established in Haiti and Uganda. In
Haiti, more than 1000 local producers have already been trained in briquette technology. Users state that they prefer briquettes to firewood and charcoal. After starting to use briquettes, farmers report less use of firewood and wood However, farmers require more training in briquetting and marketing support to increase production [47] .
In the search for new sources of biomass for biofuel production, papyrus wetlands have been largely overlooked [7] A CGE framework is appropriate to cover economy-wide linkages and to carry out ex-ante simulations [55] . Furthermore, the method is favorable because of its ability to produce disaggregated results at the microeconomic level within a consistent macroeconomic framework [56] . This approach has successfully been applied to food security, poverty, agriculture and also fishery [57] [58] [59] [60] . As far as we know, this study is the first that assesses the impact of papyrus briquettes on rural livelihoods and forest resources by using a CGE framework with simulations at the village level in SSA.
The remainder of this paper is structured as follows: Section 2 describes the study area and data collection. Section 3 explains the model as well as the baseline and bioenergy simulations. Simulation results are presented and discussed in Section 4 followed by the summary and conclusion in Section 5.
Study Area and Data
The case study area is Mantapala, which is located in Zambia's Nchelenge District ( Figure 1 ). Nchelenge is centered in northern Luapula Province at Lake [70] . Around 85% of rural households are involved in firewood collection and over 40% in charcoal production, which is both one of the highest national estimates [64] . In Luapula, more than 90% of households are not connected to electricity [63] . Accordingly, almost all of the energy for domestic use is obtained from firewood and charcoal [63] [70] [71] .
These sources are very important for many rural livelihoods, as they are needed for subsistence, but also used to generate cash income [64] . As a result of continued high annual deforestation rates (2.5% per annum) [70] , forest areas in Luapula are heavily overexploited [71] , which is likely to result in other environmental impacts such as soil erosion, climate change and reduced natural habitats and rain cycles [65] . These effects may have long-term negative impacts on the livelihoods of the local population.
The Forestry Department, which falls under the Ministry of Lands, Natural 
Methodology

Overview of the Village CGE Model
We develop a CGE model and apply it to the economy of Mantapala village. The CGE is based on Lofgren et al. [73] . The model covers all transactions within the economy for a single year and incorporates a disaggregation of activities, commodities, factors, institutions and capital accounts. It is comprised of a comprehensive system of simultaneously linear and nonlinear equations. For production and consumption, the behaviour of actors is captured by the maximization of profits and utility, respectively. The equations also include a set of real-live constraints that have to be satisfied. These cover conditions of factor and commodity markets as well as macroeconomic balances required by economic theory.
The village CGE is formulated as a Mixed Complementarity Problem (MCP).
The term MCP reflects central features of the mathematical format: "mixed" indicates that the formulation includes a mixture of equalities and inequalities;
"complementarity" refers to complementary slackness between system variables and system conditions [74] . The key modelling power of complementarity is that it chooses which inequality to satisfy as equality [75] . The MCP approach accommodates the explicit treatment of activity analysis; it analyzes regime shifts and the switch between alternative activities [76] . Regime shifts denote structural changes from one system state to another, induced for example through interventions [77] . In this class of models, there is no objective function and a unique solution exists [78] . The model is programmed in the General Algebraic Modeling System (GAMS). 1 In the following, we describe the main features of the village CGE model with emphasis on selected aspects. Figure 2 illustrates model features graphically.
Production
Each producer is assumed to maximize profits, defined as the difference between revenue earned and the cost of factors and intermediate inputs. [73].
expended factor payments (value added) and intermediate inputs. Commodity output is defined by activity levels; hence, activities produce commodities. As part of its profit-maximizing decision, each activity uses a set of factors up to the point where the marginal revenue product of each factor is equal to the marginal cost of the factor (endogenous factor price). Production quantities are allocated to market output and households home consumption.
Institutions
Households are the main actors in the village CGE. They receive income from the factors of production, transfers from other institutions (households, government) and remittances. Income is then used for consumption, savings, inter-institutional transfers and sending remittances. Household consumption covers marketed commodities and home produced commodities. It is allocated according to a Constant Elasticity of Substitution (CES) demand function, derived from the maximization of a 2-stage additive utility function [60] [80] .
Equation (1) shows the specified utility function of households. It includes a subsistence level of consumption C subsistence and an upper bound on family labor availability T max :
The difference between maximum family labor T max and actual labor T represents leisure; the difference between attained household consumption C and minimum required consumption C subsistence defines the surplus consumption of the farm household. The parameters α and β determine the perceived wealth state of households as a function of consumption and leisure. A low value of parameter α means a relative low valuation of surplus consumption. Such value of α is assigned to households that tend to depend on agriculture and are close to the subsistence condition (subsistence effect). In contrast, assigning a high value 276 Natural Resources to α mimics a more materialistic oriented household (farm firm effect). The parameter ν represents a technical coefficient of the utility function, which may be set to represent different functional forms [80] . In accordance with economic theory, the utility function yields positive and declining marginal utility of total consumption C and increasing marginal disutility of labor time T. The expression (1 − α) is the elasticity of the marginal utility with respect to surplus consumption (C − C subsistence ). Total differentiation yields the shadow wage Z, which represents the marginal rate of substitution between consumption and labor (Equation (2)):
The shadow wage becomes very low when the realized consumption level approaches the minimum subsistence level and very high when leisure approaches zero. We specify subsistence consumption using a minimum bundle of goods that has to be satisfied. 2 Implementing specific functional forms has important implications for model outcomes. In the two product case (here aggregate consumption and leisure), the utility function applied is flexible; the elasticity of Z with respect to α and β depends on the actually realized levels of surplus consumption and leisure. This means, different household groups may respond differently to a policy change.
Commodities and Trade
For market output, any commodity is defined as a Leontief aggregate of the different activities producing the commodity. The optimal quantity of the commodity from each activity is inversely related to the activity specific price. A decline in the price of one activity relative to others would shift demand in its favor by eliminating/decreasing the demand to other higher-price sources. Trade inside the rural economy is performed between households within the case study village and captured by domestic sales. Trade outside the rural economy (imports and exports) mainly takes place with surrounding villages. Hence, the model is constructed as a small open economy. We employ linear functions for imports, exports and domestic sales. The allocation of market output is addressed to domestic sales and exports; under the assumption of perfect transformability between these two destinations. Perfect substitutability between imports and domestic sales is captured by a linear aggregation function calculating the composite good. The assumptions of perfect transformability and perfect substitutability give the model the flexibility for (totally) shifting between trade flows depending on relative prices of imports, exports and domestic products. Natural Resources
Macroeconomic Balances
The factor demand is flexible while the supply is fixed. Economy-wide factor price variables are free to vary (endogenous), and factors are mobile between the demanding activities. The real exchange rate is fixed, since the village is not connected to a foreign country, and foreign expenses are flexible and serve the role of equilibrating variable to the current-account balance. A macro-economic closure is used to incorporate a "balanced" savings-investment handling [73] . 4 
Baseline Simulation
People living in Mantapala village heavily depend on forest resources. Firewood collection and charcoal production contributes almost half (48%) to the village GDP. The total GDP is around 600,000 ZMK (930 ZMK per capita), around one fourth of the provincial average [82] . Crop production contributes 41%, fishing 7%, livestock farming 3% and trade 0.3% to the village GDP. The share of imports and exports in GDP (trade openness ratio) is 34% with only some commodities being traded. The village imports hardly any agricultural and wood products and is therefore largely self-sufficient in agriculture and energy supply, while heavily depends on purchases of non-food products (clothing, education, transport, mobile phone expenses). Only 3% of total gross output is exported, mainly cassava and maize, which means that most of the production remains within the village.
We distinguish between two household groups in the model, namely male and female headed households. Table 1 gives an overview of the households' socio-economic characteristics. Overall, the households' socio-demographics are very similar, but income varies. The income of a female headed household is above that of the male. This may be due to the fact that women spend more time working and therefore gain more income (yields) from subsistence production and firewood collection. Nevertheless, income of all households is below the poverty threshold of 1.25 US$ per capita and day [63] . 5 Households have diversified livelihood strategies, mainly based on subsistence agriculture and forest resource extraction. For the most part, farmers cultivate cassava and maize on 1 -3 hectares of land, and plots are usually a few kilometers away from home. Shifting cultivation is a common practice. The per capita consumption of firewood in rural Zambia is estimated at 1025 kg [70] , which is slightly above the Mantapala average (818 kg firewood per capita). Forest resources are almost entirely used for subsistence needs in the study region. This is ensured by simultaneous adjustments in three (endogenous) components of absorption: household consumption, investment quantity and government consumption. Under other investment-driven closures (value of savings adjusts), the quantities of investment and government consumption are both fixed, only household consumption is flexible [73] . rates of 2.5% in Luapula Province [70] . Forest resource utilization is therefore defined as unsustainable [71] [72]. 
Papyrus Harvesting and Processing Simulation
To evaluate the impact of papyrus briquetting on the village economy, a bioenergy module was constructed and implemented within the existing CGE modelling framework. briquettes per minute [46] . Finally, the briquettes have to dry. Generated yields,
i.e. papyrus briquettes, can be used for households' home use and sales in the simulation.
The FftF-process is simple, requires minimal technical expertise, and locally available materials can be purchased for around 30 US$ [44] [46] . The metal press for the production of cuboid briquettes can easily be manufactured locally and rarely has to be replaced if manufactured correctly. It can be operated by a single individual [44] , whereas the work in connection with the carbonization process at the oil drum requires 1 -2 individuals [46] . According to MIT's D-Lab [46] a farmer can produce enough briquettes to pay for the equipment and start making a profit in less than a month. Microcredit institutions may provide loans to help entrepreneurs that cannot afford the initial investment, or farmers may form charcoal cooperatives. Hence, the bioenergy module considers an operating system. In our simulation, the initial investment costs are covered by donor support; alternatively, households' private savings, a loan or cooperatives may be accessible for investments.
In the simulation, investments in papyrus briquetting are equivalent to 2% of the village GDP. 6 This corresponds to the implementation of 4 production systems (one oil drum and one metal press per system); the investment represents a realistic small-scale business in the region. The model determines to what extent the new technology will replace conventional energy production and thus conserves forest resources.
Results and Discussion
The simulation shows that rural households could use papyrus as an alternative 6 Marginal interventions cannot be estimated reliably within the modelling system. Within the scope of the module calibration, the factor supply of the economy is increased, however, in the simulation it is set back to the original value, since this is fixed. The model then decides whether the technology is implemented. Natural Resources biofuel. The possibility to produce papyrus briquettes leads to extensive labor reallocations in the village economy. Households shift from firewood extraction and charcoal production to papyrus harvesting and processing, which increases the income and utility of all household groups (see Table 2 ). The modelled integration of 4 papyrus briquette production systems increases the overall GDP by around 2% compared to the baseline. The simulation shows that the income of male headed households' changes slightly more than that of female headed ones.
Members of this group use their labor time less effectively and thus benefit relatively more from switching to papyrus harvesting and processing. Nevertheless, their income remains below that of female headed households.
The transformed energy production is also reflected in modified opportunity costs (shadow prices) of labor. The opportunity costs of labor increase for all households, but to varying degrees, which reflects their individual gain attributable to the intervention. Although shadow prices are on average about 2%
higher than the baseline, they are still significantly below the poverty threshold of 1.25 US$ per capita per day. This is in line with the literature, exposing that poverty is particularly severe in the region [63] [64] [65] . Growing deforestation causes households to spend large parts of their time on collecting firewood and producing charcoal. The increased shadow price after switching to papyrus processing indicates the increased value of a working day in the study region.
The opportunity costs derived by the economy-wide CGE analysis can be interpreted as the incentive price for households to stop deforestation.
Female headed households are mainly responsible for firewood harvesting in the region. This is explained by the fact that this group uses more firewood for home activities. Furthermore, higher food consumption of female headed households may be associated with a higher energy demand, primarily obtained from wood. Accordingly, female headed households should be in the focus of interventions that address alternative energy supplies. The gender specific shadow price for labor is 3.4 ZMK for male and 10.9 ZMK per day for female headed households respectively. The higher shadow price for women signals that they Firewood consumption (decrease in kg) 12 41 Charcoal consumption (decrease in kg) 6 22 Papyrus briquette consumption (increase in kg) 21 72 Natural Resources generally use labor time more effectively. Calculated opportunity costs correspond quite well with the daily minimum wage for Zambian domestic workers, which is between 2.7 ZMK to 7.5 ZMK per working day [87] . Furthermore, group-specific opportunity costs provide information about compensation payments that are necessary to make a certain intervention acceptable for differently affected households.
Compared to firewood and charcoal, an equivalent unit of energy obtained from papyrus requires less work in terms of time. As a result of the computer-generated substitution processes, more household labor is available for additional production activities. Compared to the baseline, this effect leads to consumption increases by 2.2% for male and 4.7% for female headed households.
Assumed by the specified non-homothetic Angelsen utility function, households utility derives from the bundle of consumption of a composed good and leisure, whose relative shares change disproportionally as a function of total utility. In the discussed alternative energy scenario, increasing utility, caused by the shift from firewood collection and processing to papyrus harvesting and processing, leads to the reallocation of households' total available time; working time decreases and leisure time increases respectively (by 1.6% for male and 3.7% for female headed households). Altogether, the intervention leads to improved local livelihoods through direct benefits from income and utility growth.
Model results show that the novel low-tech briquette production system, relying on locally available tools and inputs, is a feasible activity within the village economy. The break-even point of a briquette production system, consisting of a locally available oil drum and a metal press valued at 30 US$, would be reached after approximately 3 months for a male or 1 month for a female headed household. Morrison et al. [44] found that papyrus briquettes compare favorably with wood charcoal in terms of calorific value and use characteristics. Table 2 indicates that households' consumption of firewood and charcoal decreases. The 4 specified briquette production units are realized by the CGE model to generate the missing amount of energy equivalents. In the model solution, the new technology only provides a small part of the total energy needed in the village (1.6%).
This is due to capacity limitations predefined in the scenario (4 briquetting systems were introduced as an investment intervention). The revealed feasibility of the novel technology within the virtual village economy, however, leaves room for testing such a novel energy system in a real-world setting.
Nevertheless, though being more labor efficient, briquetting requires knowledge transfer and training, which makes the implementation in remote wetland areas difficult. Studies from Lake Victoria, Kenya, found that wetland activities such as papyrus collection are labor-intensive [37] , but require few skills and are highly imitable [88] . Thenya and Ngecu [37] state that this activity is more often undertaken by men, whereas Holt and Littlewood [88] point out that it is rather carried out by widowed women groups and is considered as unpopular (dirty) work for the marginalized people. However, the introduction of new processing In SSA, wetlands are important to support the nature-based tourism industry.
Local wildlife provides an indirect source of income for rural communities [37] [89]. It has to be assessed if papyrus harvesting complements incomes or represents a competing use of the wetland. Principally, papyrus wetlands can reduce poverty through higher income generation [48] . However, limiting factors for papyrus harvesting and processing, not presented in the model, are waterborne diseases (malaria, cholera, diarrhea), bites from snakes, poor transport infrastructure and accidents caused by processing [11] [43] . In addition, Morrison et al. [19] emphasize that many people at Lake Naivasha, Kenya, lack the knowledge of what papyrus can be used for. The lack of a consumptive use value for papyrus limits people's awareness of its broader economic, social and environmental benefits.
Regarding the nexus of energy needs and food security, the use of cassava binder for the production of papyrus briquettes is a critical point. Malnutrition is already very serious in the region [63] [65] , and the use of food for fuel is heavily debated. The amount of cassava flour used in the 4 implemented production systems is approximately 340 kg per year (or 930 g per day). It remains questionable whether households are really willing to use cassava for bioenergy production when food shortages are a daily challenge [44] .
Considering environmental issues, the shift of households away from firewood and charcoal producing activities towards papyrus harvesting and processing might decrease deforestation. In our simulation, the use of wood as a fuel source declines by approximately 3600 kg, which would conserve forest resources (see Table 3 ). Based on biomass calculations for Miombo Woodlands in Zambia [90] , the calculated reduction in forest degradation corresponds to an area of 0.31 ha (3100 m 2 ). Assuming further that 1 hectare Miombo Woodland comprises 576 trees [68] , nearly 180 trees per year are conserved due to the new technology available. Yet to produce the corresponding unit of energy equivalents, the wetland ecosystem would be put under pressure. In terms of land use, however, this is less than the comparative area of forest. The realized 4 production systems produce nearly 3400 kg of briquettes, which need about 15,000 kg of papyrus, assuming that 1 kg of briquettes corresponds to 4.59 kg papyrus [44] .
Assuming further a mean value of 5.33 kg per m 2 aerial dry weight wetland biomass of papyrus [44] , this corresponds to nearly 0.29 hectare. A conversion factor of 1.05 is calculated, indicating that 1.05 hectare of forest area can be substituted by 1 hectare of wetland to produce an equivalent unit of energy. The substitution is accompanied by price differences for forest and wetland resources (see Table 4 ). The model shows that the shadow price of 1 kilogram of firewood and charcoal has a value of 0.3 ZMK and 1.1 ZMK, respectively, whereas papyrus has a shadow price of 0.6 ZMK and briquettes 3.7 ZMK per kg. The shadow prices calculated are comparable to the market prices of these goods. The model therefore predicts possible price developments by papyrus briquetting, which could be considered in the context of a possible practical intervention.
Being fast-growing and locally abundant in wetlands of central, eastern and southern Africa, the model shows that papyrus would be a suitable alternative source of biomass for fuel when processed into briquettes. It has the potential to reduce pressure on regional forests exploited for fuelwood and charcoal production, which is in line with Morrison et al. [44] . Due to unsustainable forest use claimed by Syampungani et al. [71] and the Report of the Auditor General on Sustainable Forest Management [72] as well as high deforestation rates [70] , which endanger local livelihoods, a change in the current situation is urgently needed. Based on the results shown, it can be stated that papyrus briquetting has the potential to reduce the pressure on local forest resources.
The substitution of forest resources by papyrus for bioenergy production not only has a resource-conserving effect, but may also improve human health. The combustion of carbonized briquettes produces lower emissions affecting human health [44] . Combustion of biomass in the form of wood and charcoal is estimated to lead to the annual premature death of 400,000 individuals in SSA [91] .
While papyrus plant material has been shown to have significant potential as a domestic fuel [44] [45] [46] , sustainable harvesting regimes are required to maintain the biofuel supply chain in the long term [7] . Papyrus wetlands generally have no seasonality [14] . The values of standing biomass are relatively stable with individual culms being present in multiple age classes throughout the year [8] [12] . The effect of harvesting frequency on sustainable yield of papyrus has been investigated in a small number of trials, suggesting a duration between 3.5 and 24 months for a sustainable harvest [8] [12] [38] [92] . Terer et al. [35] investigated the effects of repeatedly harvesting papyrus at 6 and 12 monthly intervals at Lake Naivasha, Kenya, and showed that a 12 monthly harvesting regime offers enough time between harvests for a full cycle of growth from young stems to senescence. A study by Morrison et al. [44] shows that it is possible to selectively harvest up to 90% of the biomass, leaving young culms intact and thus maintain the regenerative capacity of the wetland for repeated harvesting. Cleared papyrus regenerates after 9 -12 months of uninterrupted growth [43] , and rhizomes should generally not be harvested [27] . The drier periods allow access for papyrus harvesting. The rainy season, when the wetlands are flooded and therefore access to papyrus is difficult and the corresponding risks are higher [43] , can be used as a recover period of the papyrus vegetation [11] . However, there is still a need for research into a sustainable harvest of papyrus, taking into account the entire wetland system.
Summary and Conclusion
Research has not yet been carried out extensively in order to promote papyrus briquettes and assess the economic viability of briquette production. There have been a small number of investigations on how papyrus wetlands can be harnessed for the benefits of local communities. Accordingly, our contribution to science is the construction of a village CGE to investigate the impact of papyrus harvesting and processing on rural livelihoods and forest resources in a case study region in Zambia. This approach can also be adopted to other regions Further research is needed to assess the long-term impacts of papyrus briquetting in the case study region. The specified village CGE model is static, taking a one-year perspective. It cannot predict the dynamics of a long-term development path and its feed-back loops. One inherent limitation of the method is that real agents' behavior may diverge from optimality (profit and utility maximization) because they may not behave rationally and independently [93] ; it is possible that they respond to other agents' actions more easily [94] . This requires the development of dynamic modelling tools such as agent-based models. For further investigations it should be taken into account that the model shows effects related to a 2% GDP intervention, which is equivalent to 4 papyrus briquette production systems. So far, only a few studies have assessed the economic viability of papyrus wetlands and the benefits for local communities, which provide The sustainable management of wetlands should also not be neglected when using papyrus as an alternative biofuel. Although high productivity rates of papyrus have been confirmed, there are concerns about the regeneration potential [12] and the sustainable use of wetlands [35] . To enhance land management decisions and policy-making, a holistic approach must be undertaken in an interdisciplinary context where the results from the natural sciences are linked to social science research [95] . Results from this model could guide the negotiation of necessary benefit distribution schemes from papyrus briquetting and forest resource conservation, which are particularly important for the governance structure. Natural Resources 
